We study the partial fragmentation of a strange quark star into strangelets during the process of the merger of two strange quark stars or of a strange quark star with a neutron star. We discuss the fate of the fragments considering their possible evaporation into nucleons. We show that only the small amount of large size strangelets produced by tidal forces can survive evaporation, while the strangelets formed during and after the merger evaporate completely into nucleons. In this way we show that: 1) the density of strangelets in the galaxy is too low to be able to affect significantly the evolution of stars and the probability of direct detection of a strangelet is negligible; 2) the matter ejected by the strange quark star during and after the merger evaporates into nucleons and therefore can contribute to the kilonova signal.
Introduction.-One of the oldest and most relevant criticisms of the existence of Strange Quark Stars [1, 2] (QSs) is that if QSs exist then neutron stars (NSs) would not exist, because the density of strangelets, i.e. of fragments of strange quark matter produced e.g. in a merger of two QSs, would be large enough that at least one fragment would be captured by every NS (or by its progenitor) forcing the entire star to deconfine and to transform into a QS [3] . Another quite obvious objection concerns the absence of strangelets detected in experiments: if Witten's hypothesis [1] is correct, one would expect not only that QSs can exist, but also that strangelets can be stable and with a mass significantly smaller than that of a star. Finally, the kilonova signal AT2017gfo also puts constraints on the existence of QSs, since that signal was generated by the formation and decay of heavy nuclei produced from a gas of nucleons ejected from the external layer of the merging stars: any possible deviation from that scheme needs to be investigated.
While strangelets can rather easily be produced, their fate is unclear, since they can evaporate if the temperature is sufficiently high. The possibility of strangelet evaporation has been studied in a cosmological context in [4] , where it was shown that only lumps with a baryon number larger than 10 52 can survive. That result was criticized in [5] on the basis of a few technical points and it was shown that fragments with a baryon mass of about 10 46 can avoid evaporation. Here, we will adopt the formalism developed in [4] and we will take into account the criticisms of [5] but we will consider a different scenario, i.e. the production of strangelets at the moment of the merger of two compact stars. Traditionally, this problem has been associated with the merger of two QSs [6] [34] , but in the last years it has been suggested that QSs and NSs can coexist [7] [8] [9] [10] . It is therefore important to discuss also the merger of a QS with a NS, specially because GW170817-GRB170817A-AT2017gfo could be an example of such an event [11, 12] . In this paper, by using the theory of fragmentation and results of simulations of mergers, we will show that only very massive fragments of quark matter can survive evaporation and therefore their density in the galaxy is low enough to allow the co-existence of NSs with QSs. This same argument also clarifies why strangelets have never been detected in experiments. Finally, we will show that the evaporation of most of the fragments of quark matter into nucleons takes place close to the central region of the merger and therefore the evolution of that material is similar to that of the nucleonic material ejected during the merger: therefore it can contribute to the kilonova signal in the same way.
Ejection and fragmentation of quark matter.-QSs can eject a significant amount of matter during the merger with another QS or with a NS, similarly to what happens during the merger of two NSs. Three mechanisms have been studied to describe ejection of matter: tidal disruption, shock disruption and evaporation from a disk surrounding the post-merger compact object [13] [14] [15] . Tidal forces can eject only a small amount of mass (order 10 −4 M or less) before the merger, but a larger amount of mass disrupted by tidal forces can be ejected during and soon after the merger by the acceleration produced by shock waves. Shock waves are themselves responsible of matter disruption and acceleration. The main differences between these two mechanisms concern the energies and the temperatures reached by matter, which are significantly larger in the second case. As we will see, the energy scale determines the typical size of the strangelets produced by fragmentation, while the temperature is crucial to decide if the strangelets can actually evaporate.
The final size of the fragments (before evaporation) derives from two distinct processes: the initial fragmentation of bulk quark matter and the effect of rescattering of those fragments. Let us start by discussing the size of the initial fragments ejected by tidal forces. The general idea is that tidal forces acting on large scales can drive turbulence (similarly to what happens on Earth), and it is the cascade of turbulence to smaller scales that causes turbulent fragmentation. In this case there are two crucial quantities: the Kolmogorov scale, where the turbulent cascade enters the visco-dissipative regime, defined in terms of the quark matter shear viscosity µ [16] , density ρ, and energy dissipation rate , as
; and the size dependent Weber number, defined as the ratio between turbulent forces and surface tension,
, where σ is the surface tension and v(d) the turbulent velocity at the scale d. Turbulent fragmentation in the inertial regime takes place as long as We > ∼ 1, and d > l K . In the pre-merger (cold) phase, tides acting over the entire star cause negligible tidal heating [17] and the quark matter temperature remains smaller than 5×10 6 K. Assuming the turbulent velocity induced by the tide on the scale of the QS to be of the order of (0.02 − 0.05)c [18, 19] 
, typical values for µ [20] and σ ∼ 10MeV/fm 2 one finds that We(l K ) > 1. Therefore fragmentation proceeds all the way down to the Kolmogorov scale l K ≈ 10cm, and then enters a viscous regime. Once these viscous scales are reached, turbulent dissipation increases the quark matter temperature, lowering the viscosity and allowing fragmentation to proceed to smaller scales. We estimate that in the viscous-turbulent regime fragmentation can proceed down to droplets of size ≈ (0.2 − 1)cm, corresponding to A ≈ 10 37 − 10 38 . These will likely be ejected out of the system at a speed comparable with the orbital velocity at touch, which is much larger than the relative velocity of nearby droplets (comparable to the turbulent velocity at the droplet scale). We can then safely assume that once ejected there will be no further collision among these droplets, and their trajectory will be ballistic. Even if there were collisions they would be highly anelastic due to viscosity and they would not lead to fragmentation of droplets down to a scale significantly smaller than the initial one. This process is controlled by the size dependent Ohnesorge number Oh = µ/(ρσd) 1/2 . For temperatures of the order of 1 MeV or less (typical of tidally ejected material) Oh > ∼ 0.1 for A < ∼ 10 29 and therefore the fragmentation into smaller strangelets is strongly suppressed (see e.g. Fig. 1 of [21] ).
In the case of matter produced and ejected by shock waves the energies involved are larger and therefore the length scales are smaller and small strangelets can be produced. On the other hand the temperatures reached are also significantly larger and, as we will see, they cause a very rapid evaporation of the strangelets.
Evaporation of strangelets.-Following [4] , the evaporation consists in the emission of a baryon (usually a neutron) leaving a strangelet with baryon number A − 1. This kind of process is endothermic and it requires an amount of energy equal at least to the binding (or ionization) energy I. In the following we concentrate on I in the range (50 − 70)MeV, since these values correspond to the ones needed to stabilize QSs up to about 2 M [22] . A first estimate of the evaporation rate stems from the detailed balance principle and it reads [4] :
where m n is the nucleon mass, T is the temperature and f n,p are absorption efficiencies (for neutrons and protons) correcting the geometric cross section σ 0 A 2 3 . The simple evaporation rate of eq.(1) needs to be modified by taking into account two physical processes: the cooling of the strangelet due to evaporation and the possible absorption of neutrons from the environment. The situation we are considering is hugely different from the one discussed in [4, 5] where the fate of strangelets produced during the cosmological baryogenesis was analyzed. In that situation the evolution of the temperature depends on the expansion rate of the Universe and the net baryon density is very low, so the local density of nucleons is determined by the evaporation process itself. In our case the strangelets are embedded in a dense background (unless they have already escaped to distances of the order of hundreds of km) and the densities and temperatures are the ones estimated by the simulations of the mergers. In particular, the density of nucleons around the strangelets can be estimated from the density of the disk formed after the merger and it depends on the distance from the remnant. Unfortunately, at the moment there is only one set of simulation of the merger of two QSs [23, 24] and no simulation of the merger of a QS and of a NS: we will have therefore to assume that the density and temperature distributions are similar to the ones obtained in NS-NS mergers. As we will see the results obtained are rather robust and do not depend on the details of the mapping of those quantities.
Because of the evaporation, the temperature of the strangelet T s is always smaller than the environment temperature T u , but, in order to have a significant evaporation rate, T s needs to remain comparable to I. The most basic mechanism to re-heat the strangelet is based on neutrinos: T s is determined by an equilibrium condition between the energy lost by the strangelet, both because of the evaporation and of the neutrino emission, and the energy provided to the strangelet by the neutrino absorption (see eqs. (15, 22) 
where r s is the radius of the strangelet and p(r s , T ) is the probability of interaction between the neutrino and the strangelet. Here the net evaporation rate dA/dt is the difference between the rates of evaporation and absorption:
where N n is the nucleon density of the disk. By solving eqs. (2,3) one can estimate the time-scale of evaporation of a strangelet of baryon number A as a function of the density and temperature of the environment.
Evaporation of shocked strangelets.-We now discuss the fate of fragments produced by shock waves: in this situation simulations of NS-NS mergers show that each shock can heat the environment up to temperatures of a few tens of MeV for almost 1 ms (see e.g. Figs. 4 and 15 of [12] and [25] ). The only existing simulation of the merger of two QSs [23, 24] shows that large temperatures are reached immediately after the contact. Not all that shocked material is actually ejected because of the "sticky" properties of quark matter. What is important for our analysis is that the material that eventually will be ejected passes through a phase of high temperatures.
In Fig. 1 (assuming a temperature and a density profile similar to the ones obtained in NS-NS merger) we show that at a temperature of 20 MeV all strangelets with A < 10 40 evaporate on a timescale of a few 10 −4 s in an environment with a density up to 7.6 × 10 11 g cm −3
(I = 50 MeV) or up to 5 × 10 11 g cm −3 (I = 70 MeV). We have also investigated the possibility that mechanisms more efficient than the one based on neutrinos can keep T s ∼ T u . It is then sufficient to solve eq.(3) (with T s = T u ): the evaporation takes place at even larger densities. It is important to notice that these densities correspond to distances of at maximum 20-30 km from the center of the merger.
As discussed in [5] the rapid evaporation of the strangelet into neutrons and protons enhances the strangeness fraction (specially close to the surface of the strangelet) and it can make energetically not convenient to further proceed with the evaporation unless weak reactions have the time to re-equilibrate the system. This imposes an upper limit on the evaporation rate. Following [3, 4] we incorporate this constraint, also taking into account Pauli blocking and temperature dependence: as estimated in [26] the weak reaction rates are suppressed by 3-4 orders of magnitude respect to the simple formula of [4] and the limit becomes: dA/dt < ∼ K P B G 2 F µ 5 q sin 2 θ c A, where K P B ∼ 10 −3 − 10 −4 and µ q is the chemical potential of the s quarks. This limit on the evaporation time-scale depends only logarithmically on A: as shown in Fig. 2 the evaporation cannot be completed in less than about (10 −6 −10 −5 )s even for light fragments. Since in our system the high temperature phases last at least 10 −4 s, the limit stemming from the weak reaction rate does not affect our results. Our analysis suggests therefore that all the fragments having A < ∼ 10 40 and at a distance larger than about 20-30 km from the center of the merger evaporate when they are reached by a shock wave. The estimate of this distance is based on simulations of NS-NS mergers, but a similar result is expected in the case of QS-QS mergers (and in QS-NS mergers), unless the density of the environment surrounding those mergers is significantly larger. It is also important to recall that the typical baryon number of the fragments produced by the shock wave is even smaller than the one of fragments produced by tidal forces, which was estimated to be about 10 37 − 10 38 . Fate of not shocked strangelets.-There can be situations in which the ejected strangelets remain cold, as in the case of the matter ejected due to tidal forces, before the merger, that could escape without being reached by the shock wave. Also, it has been shown in [27] that very asymmetric mergers could eject a not-negligible amount of material without the need of a shock wave. In this case the temperature would be much lower than in the previous scenario. Moreover, if the ejecta are already in the low-density region, then neutrinos are the only source of re-heating and the nucleon density around the strangelet is no longer dominated by the environment one, but it originates from the evaporated nucleons. This density can be calculated by imposing the mechanical equilibrium between the components of the system, by considering the pressures due to electrons and photons and the ones due to the ejected neutrons and protons [4] :
. This density must be included in eq. (3) in place of the environment density N n . Fig. 3 displays the evaporation timescales as function of the temperature and of the baryon number. The white area indicates that for T < ∼ 5.6 MeV evaporation never takes place because the re-absorption rate always overcomes the evaporation rate. It can also be noticed that, to obtain an evaporation timescale of the order of few 10 −4 s, T ∼ 20 MeV is required. This suggests that, in the case of cold ejecta, no evaporation takes place. As a consequence, in a few cases, fragments having A ∼ 10 30 or slightly smaller can survive.
Phenomenological implications.-In conclusion, all the strangelets reached by a shock wave evaporate into nucleons: this is the case both in the material ejected by the shock wave itself and the matter composing the disk and subsequently ejected. Instead, strangelets formed by tidal forces and ejected without being affected by a shock wave can survive, but their minimum baryonic content is only slightly smaller than ∼ 10 30 .
We can now answer the question posed at the beginning, concerning the phenomenological implications of the existence of strangelets. First, non-evaporating strangelets produced in QS-QS or NS-QS mergers are so massive and their number so small, that the chance of one of them being captured by a star and triggering the formation of a QS is negligible. This conclusion can be reached by using the estimate of the flux of strangelets provided in [10] and by comparing with Fig. 1 of [3] : strangelets having A > ∼ 10 30 escape detection if the density of strange quark matter is low compared to that of the galactic halo, ρ 24 < ∼ 10 −10 . Fragments in the range 10 25 < A < 10 30 could be captured by main sequence stars, but they would likely evaporate during the presupernova collapse due to the high temperatures reached, as indicated by the results shown in Fig. 3 . From one side this result suggests that it is very unlikely to detect strangelets in experiments [28] , on the other side it also indicates that the possibility of having at least a fraction of dark matter composed of strangelets produced at the time of the baryogenesis and with A ∼ 10 46 [1, 29, 30 ] cannot be ruled out by the constraints stemming from strangelets' production during a merger.
Finally, it has been suggested in [12, 22] that GW170817-GRB170817A-AT2017gfo could be a QS-NS merger. As shown in our paper, the strangelets produced during and after the merger evaporate within a few tens km. Therefore the dominant fraction of the ejected material is made of ordinary matter, as in the standard NS-NS merger. Moreover, the evaporation is dominated by neutrons and therefore the initial electron fraction of the material (before being reprocessed by neutrinos) is really low. This is an important condition in order to be able to produce the whole spectrum of nuclei and the observed kilonova signal [31, 32] .
